
AN AUTONOMOUS OPTICAL NAVIGATION AND CONTROL SYSTEM FOR
INTERPLANETARY EXPLORATION MISSIONS

AB8TUC’R
The first fully autonomous deep-space nrtvigtiti<,l,  sys ?t,
ever implemented is planned to guide the Netu MIIJc)I n I ~ I,C
Deep Space-l mission to an asteroicl  and conjet bcgit!  t IIILP;  i!,
mid-1998. This system is based to a large ext< I It o),
Optical Navigation (OPNAV) technology devclop<c{ fo] t h~
NASA/JPL interplanetary exploration probes VO:ILI:X,  t+ 111-1
Odileo. This paper describes the structure arid algt,t it}) t (i:
content of the Autononlous  OPNAV systen).  The Sys! r) I I
has several major autonomous functions: pictllre  111~~ n,], I )~..
image analysis, orbit determination, maneuve  I desip,)  I ~+ II( \
general interaction with other onboard  SUt OIIOIII u:.
systems. New algorithms and processes havr br (I(
developed to navigate in deep-space with optif a) ol,ly d{, te,
and to process the resultant images taken fro]!)  R sr~lal  I

spacecraft. Since DS-I will use Solar Electric  PI 01, UIS o] t
(SEP)  new trajectory control algorithms were cievclolwd
The prototype system has been tried on sevct a I 1] I iss: or
scenarios.

INTRODUCTION:
Autonon~ous onboard optical navigation will  bt a OC{ rssl r>
component of autonomous spacecraft operations fof JIII: fI:
future planetary exploration missions. Bemuse of II j,l,t
travel times, there are experiments and ever) rllissi[~lls  ttmt
cannot be performed or have limited data pclt~’r~tial LIIII( ss
autonomous navigation systems are incorpo] fitcd (:1’ Wf
orbits around, or very fast flybys of, smc Ill IW(! 1~
characterized objects are examples of such rllisslc~[ls
Reducing operational complexity and costs is sl~c,t}wr KOG’ of
autonomous navigatio~~  systems. In a llot-towd~st  ni
future, many small robotic missions may be sif[mlta,  ,ctm ~ly
exploring the solar system. To increase the dfIc ic])cj CII
these missions, the spacecraft themselves r!, usi t:,ke :,]]
more of the responsibilities of their own nirril  it{ I Inn c,
including navigation. Adapting many of tht  tecl,~,~ql  c!.
proven for optical navigation for Voyager ard Galilro,  t }1(
N e w  Mil lennium onboard  navigation syst<  l,, IRIIIS!
autonomously plan picture sequences, per f(,rJ~i  ]III+,fy
analysis, estimate the trajectory and calculate t I tije[ t, r)
corrections usir]g  the low-thrust Solar Electric Pr U},UIS  1101 I
system. New Millennium  1)S-1  will be the fil st },10 t it t.: I )
exploration mission to autonomously navigat(  al I IIiiss ,)1,
phases. The engineering of such a navigation, s~wtel,,  ] }c) +.
a number of very significant challenges.

‘f’he presence of an autorlomous  navigation sysl en) ol,t ,:~i i r d
a spacecraft imposes cer tain requirements on 11!( c,l!t,  c,~, ld
‘autonomous control” system, and in turn, th( cal, ot, ilitcs

atld function clf t}je cxmtrol systenl will influence the
architecture of tl~e ‘ Navigntor’( In fact, one of the more
il[l])c,[tant  dcvelo]lrl,  er,  ts of the navigation system is the
COILSII  ucticm  of this interface. The nature of the interaction
is to balance the resource needs of the navigation system
with those of equ rIlly intportant  onboard engineering and
nli+sic~cr science objectives. These resources include use of
the camera, slew tiule, mass storage capacity, fuel use,
usc of the syste)ll  cc]i)iputer  and total time in the sequence
cjf e~ents. l’he at]~c,unt  of resources devoted to the
h’rrvi~ritor  will c,ftc ri translate directly into performance of
the system.

HINTORY  OF OP’f’ICW NAVIGATION IN DEEP SPACE:
‘1’h~  Vc,yacjwr  I e],counter  with Jupiter in March 1979 was
t.lle fr! st plrinctfily  mission which required opticaf  navigation

] The sciel,ce  sequences were designedfor nllssic,n success .
assut  L iing t) !e spat ect aft positic,n would be controlled to the
ca~,allility  c,f tht optical navigation system, a few tens of
kilf,:[,  cters, vs. tht r~clio  system capability of many
hul]dtcds  c~f kil[,n,  et(rs, One critical advantage of optical
Ilevig*tic,n  cd el)couriter  is the target relative nature of the
nleasu[ emenls.  A sub~tanticd  source of a prwn uncertainty
irl the encounter gc-ornetry  is the target ephemeris
um et t~ir,ty.  Fc)r r,ic IIy targets this uncertainty cannot be
ndcq~lately addressed in any other way than local
obse] vatior]  prwvidtcl  t,y imaging. However, even for the gas
giant ],lane-ts then, sclvcs,  the Voyager encounters made
sut,stential  snd very icc[portant  improvements in the
planctnty  as well as fiate]lite  ephemerides.

‘1’hf t(( hr,iquc  use{] in th{ Vo~ycrger optical navigation system
was a prototype for all such systems. Images of the
C;alilc~n  satellit(s  w(It taker,  against the background field
c,f stels.  The ciif(erer,c<-  between observed and expeced
inwgts  provided it Iforjlmtiorl  on the relative cross-line-of-
sig))t positions c,f the spacecraft and satellites. The
1)1-itlcij,al  clifficu]ty  the OPNAV system experienced was the
li,r,lted  dynwr,ic  Ia]lgc of the Vidicon cameras. This limited
r ongt resulted in t}lr overexposure (often severe) of the
iroeg (s, reducing th(- accuracy of the data. For these two
C]ICOU  rlters the rml accuracy of the OPNAV clata was on the
order of .75 pixels, CII ?.5 micro radians. This high-
[~ccuracy nleasurclrlcrlt  represented an error of only 5km
at thl ee d~ys from closest approach.

For t},e VoycIger  Urar!us and Neptune Encounters,
ill!proved tec}lrlc,lo~.y  .-. redesigned models and procedures,
roicl nlost impc)rtantly,  a reduced dynamic range problem
bccau se of reduce(l sc,lar flux in the outer solar system ---



. .

“ provided substantial improvement in the quality of t}l<
opNAv ~~~@i~2)3. Fcrr thege encounters tl~e r,et  Sy$ ~e) 1,

error was reduced to .15 and .10 pixels res],eclively, NII:l
the most demanding science sequences of the VI,ytiKf  t

. ,mlsruon  were achieved taking advantage of t}le irl)l,r[,  ~~:{
OPNAV performance. So good had detection rrrral.vs~s  nnd
subsequent orbit analysis become by Neptunt (the VO.V+  icy)
mission, and the OPNAV team in particular, )md t,,l, t tin I
time been responsible fc)r discovering about two dom[l I IC,V
satellites around the Grrs-Giants) that Neptullc  ]Ievige I iol ]
strategy assumed the early discovery of a new sat~  Ilitt, I I nd
itS subsequent critic&d use in JMJV@tiOIJ  fcm t)lc c II( [Ill! I (e, .
The satellite in fact was discovered “on tinlc’ at atou~ 3(J
days from Neptune, and became an inval{]rtble  t)c [,1 o])
object for the encounter operations, as we]t  as an illl;!:u  11 I It
science target.

Of course, none of the OPNAV process for troyofgc~  V;8S
autonomous. All image analysia was perfc)rrncd  otl l:hc
ground, and the reduced c,pticrd  data was cc,rl,l~i[,cd  M itll
the very high quality radio metric data. Nc) atlcr[,}lt  f,a[l
been made to plan an optical data arc that cxILIld J,f:viKR  t,
the encounters “optical-only. ” Maneuver till~lysis  was
performed on the ground, with parameters intrgr  a t c { I I I )t ( I
ground-generated comnrand sequences. Everl  t},c,u~,l~  fol
the most critical trajectory correction maneuve~s  (] t:hl’s)
this process could be accomplished in as lit tlc es 6 }icP,Ir:.
from the receipt of the last data to uplink c>f t), < 1 (’L!
command, it was still a highly interactive a]ld 10110”
intensive procedure.

The Galileo Mission inherited baaically  the san I( 01’1{ A\’
system as Voycrger. Galileo  even inherited SOIILC of th{
dynamic range problem. Though the camera v.ws e(l~li~),wi.l
with a CCD sensor, it was a very early device link< d tc, (III
8-bit anrrlog/digitaf encoder. The dynamic ran~e IIr,,it[,  t i t 1,
are somewhat ameliorated by the set-able ~sitl of [II{
instrument, and the high-solar-phase of IIlost [If !Il<
Galilean tour pictures. Unfortunately, the loss of (;i(lil,  o’s

high gain antenna necessitated some dramatic chti 1,I:ts  i],
OPNAV proceaaing.  The most fundamental pr OIJCIII }JC,I:C,  i
by the loss was a drastic reduction in the down lilik dtti
rate. On approach to the first planned asteroid c I IC <Ii] t i [ei
with Gaspra, instead of the planned dozer]s  of fi},~,]o  (1,
OPNAV frames, the schedule would allow for a 11,~.xi[l>ill)
of five, With normal processing such a schrclu](  WC)III(
have been inadequate to capture the high resc,lul  i<,) I i,, lo 1:(:.
that were desired. A technique was devisccl  t,y t},? (II ‘h 4\
team to pack the equivalent of up to a dozen il[la~ts  iltto r+

single exposure. Called a Single Frame Mosaic (SI’M)4,  t !li~.
technique will be used exlenrrively  in the autonc,lnous  c]] ‘h !1’
system being developed for New  Millennium lAS 1, } c,t t II(
Galilean satellite tour the same restrictions cm, tcl(  r,, t t r,
apply. For this reason a very baaic autonlste{! ())’N  \\’
image processing capability has been developed to fl~
onboard the Galileo spacecraft, This system rlidts  us< CII
the predicted limb pattern of a satellite, ancl thr I cIII~,l II}
predictable satellite to star vector (usually ],) cdi[ (I,t,](  t[,
within a few pixels) ‘t’he algorithm sear cl,cs t, r~ev:l~
shuttered frame for a pattern nearly like tllc u},lirt]. c c1
pattern. Once the pattern ia recognized the pc,sitic,],  c,f t tl(
located limbs is noted (the position of the satt Ilitt II ,ny t,{
Up to 200 pixels away from the predict) and lIIC stHl ( 1+11
then be located. Data from both the sate}litt  al,(i S1 RI is

t}mrl ctow!,  linked with a net savings of over 99 percent of
t}m down lirik r c Iative to transmitting the entire image.
This algoritl,]l, hns also found uae in the DS-1  OPNAV
syst( ni.

Ml SS1ON AITRIHUTE8  AND REQUIREMENTS:
The 1)S- J rnissic,r]  ]>len  is still under development at this
Writitlg,  but it will rrlnlc)st  certainly be the caae that the
nli-ssic,n  desigrl will include a flyby of an asteroid followed by

a fiyl,y of a corrlet 5. A further driving missicm charactenatic
is that  the principal Ineana of propulsion for the spacecraft
will t,c Sol:~r Kl(ctri(  Prcjpulsion (SEP); and the SEP system
clocnirlates  the ptlysic~l  clesign  of the spacecraft (Fig. 1).
This type of “lCNV  thmst”’ propulsion enables many mission
cq>pcJI Lurlities  fc,r low rrmsa spacecraft due to the very high
efficiency of iorj ~jtopulsic)n  vs. chemical (hydrazine)
~,r(,pulsiorl.  At ihc same time however, the navigation
~,r(,t,lrm brcomes c(jr,siderab]y more complex, and for a
deep spat e rnissiorl,  ul]plecedented. The principal
cliffel  cnccs for navigatiori between the two propulsion
syste  mS are.: 1 ) l’he nlission  design process must make uae
c,f to<,]s spc-eific~lly tailcmed  for dealing with SEP powered
sp}{cecraft,  2) Cor[tro]lirlg  the spacecraft trajectory ia
pe)for,neci  by nleans c,f periodic or continual updatea to a
plen~,ed thrust prc,filc  instead of widely spaced discrete
),,Brlr  uvers. 3) ‘1’he dy~mmic noise introduced into the
tmje{ tory by th<, $;KF’  engine, though small, ia much larger
thsn any previc, us “nc)n-gravitation  al” perturbations
ex~,el  ienced duri~lg the cruise portion of a deep space
niissic,n. TIIC lottcr cc,nsideration has an important
ijlflu(  r,ce  ox~ the clrsip.! I of the estimation filter (see below).

i/
High Gain Arrtcnna

L ,:..J

“1’11( ~,rirner.y  cnip}i~sis of the New Millennium Program k
tcc)il  IcIlogy Vslidetior]. ‘he intent is to demonstrate
tfcl]r!ologies  thai v:ill },rovc mcessruy  or enabling for future
niissions. As SUC)], there are no overriding science
] (c]uit  rmen(s. I{u! ilj a useful correlation of objectives, the
Imtuic  of the vnlict~tion  c]f the navigation system is one
which wc,uld  ~,1-uviclr  fo) t}le greateat  science return. In
~cnert,l,  t},is will requite the navigation system to achieve
IIigll s( cur acy cc,nt T (,1, bc,th of the spacecraft trajectory and
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of camera  (spacecraft body) orientation dUIIIIj  t~le
encounter periods. Requirements on trrrjeclory  t{,rtt,t)l
during the cruise are much looser, and the effc~tw
requirement is to control the trajecto~ tc~ as rrc<uri~tr  e
level as necessary to achieve the encounters alicl  m1r1,~11i7<
fuel usage. Again, as with the mission ow I till, i I)C
encounter geometries have not yet been f)nallze[i,  or[ri sc
the navigation system must be flexible enoug}~ t~~ dr;]l  u,it ~ P
variety of geometries. Table ( list of NAV rr<tivit  ics, ti [I,(
frame and requirements) gives a general indi( atiot,  of ~t,<
types of services and their constraints whicli n~vi$:fit  1~11
must provide the mission.

I
.—.-.. ------ --- -. .

Tab& 1: IVCW  Mdbrrrium  DS-1  Navigation At(,if,l{fr~ ori ~
h%quiwments —., ”...,-... . . . ., . . . I

Time of Operation Operation

z

Accu]m~’— . —. . . . .
Launch + 5d Asteroid astrom- 1 mic 1(,.l~~~itili  o)

etry and OD 100-X) Okl,,. . . . . . . . . .
brunch + 30d Injection Trim OD 0.1-05

and SllP Control rnetej  s/st<- - - - - - - -
Asteroid Enc.-5d Target Acquisition 12 th hk&i,ii{lc:~—. -.,-. . . . .
Asteroid Enc.-3d SEP andlor Deliv( !-y to 10kll,,
to Enc - Od

+

Chem-iti  control Contj LII tt, 1 k!]) I— . . . . . . . . . . . . . .
Comet Enc.-2Od Acquisition, OD of 50 n~ic ro ri+rli;  Its.

inner Coma or 1000 k!!!“... -.. . I
Comet Enc.-5d Acquisition, OD of 50 micr~,  ]tl[ii,  I IS I

outer nucleus

+

or ’250 k!!,..—. . . . . . . . I
Accprisition,  OD of 10 r[-, icro ~~tii~.l!:. I

1 ——-.J-l@.!:!!.  ..-.nucleus

CONCEPTUAL BASIS OF THE AU I  (> NC IM(}UK
NAVIGATION SYSTEM:
The system being built for New Afillenniu,n  IJS J )1 F,
complete navigation and control systenl. II, tl]is c}s!
“navigation” refers to those processes ncccsss!y  t,:,
determine the spacecraft position, or orbita~lcl to c { ~r,  tc I
e x curs i ons  f r om a  des i r ed  course ,  Ilrrscd (Ill o
determination of the spacecraft position. ‘flwre  }11 d tl ~ ~~ et
reasonably distinct regimes in which the Navig. it c]! v:ill h ?IV(
to operate: departure, cruise and enccmt(tcr,  st~d t},t
nature of the orbit determination (OD) and cc~]]trol p! (,1,1~  I ()<
differs somewhat in each.

L?.wfdmWhase
Potentially, if post-launch requirements WC I c suf i II: ic tly
demanding, the navigator could take images c,f t)lt h$(,o[i
and Earth on departure and use these for tri,jt c1(II,;
determination very much as the Voyagers did or, :t},}~r o ICl i
to Jupiter, Saturn, Uranus and Neptune. IIowei’t{,  ‘Ih,r
demands on the departure phase for DS-1 ale  riot sc VI I( ,
and so this process will not be necessary. II! ndd]t,1 ,n, e‘.
DS-  1 irr the first flight of a deep space auto! lo][,l,  us
navigator, some early earth-based navigatiorl V.rill Ill
performed as a validation, further obviatinp.  thr r IM ci fo~
high-precision earth-moon target optical data

Gnlk.PhasG
The cruise phase images used by the 0}’NAV systelll  aI t
those of asteroids and stars. Though typically r~ts IIy t CI ~s <II
millions of kilometers distant from the spru ecl Hfi, tl~cs(
images taken regularly and frequently provide a w I.V [II K*II
means of determining the spacecraft state (posit i{~~;, w ICI.- it}
and associated force models). Each iliclividu:il  })ictt])c

replesrnts  a datum. Based on the ephemerides of the
r, Rvigatiorl  target (tle[{cOIL)  asteroids, predicts of the rttar-
reletivt  poriitior,s  c,f the asteroids are computed, and
rtiff(r~  ~,ces bctweec[  ttlese  and the observecl  positions are
the “residukk.” Par iial clerivatives  of the object positions
witt,  I tspcct  to spacecraft position, velocity and possibly
pcrtul I}iug fol ces ale computed. Using the partials and
residilsls,  estitnatts of t}lese parameters are computed in

6r+ lint  ar least scp-rales  filter  . Using techniques derived
f ror,l the Gohlco it, mge processing system, long exposure
itlleg<s  of asteloids  tan give astrometry good to about a
n]icro  radian or S{) to 100km for typical beacon asteroid
ranges

hC trurti.1’h{tsc
‘1’JIf  e~}cou]iter  phaw c,f the mission can, and likely will be
pcr[o~med  wit}, two types of opticaI image, those of the
dcsti!!ation  object (ta!gtt)  with stars and images of the
tsr~et  without stars. I)epending  on the sensitivity and
dyi,alliic  rorige  of ttle caolera,  it may not always be
]xwsit,le  to irnagt the al,pruach  target simultaneously with a
star; the expos[lre  required would be too long, inducing
un[tcc ept.able  stne~j, or causing the target inrage to
overexpose, ]mag.es of r,earby objects saris-stars, such as
of th< target, do heve some value however. For DS-1, as is
typicAl of r~lost  spacecraft with remote sensing instruments,
tile t,us orientation, is cc,r,trolled  to a reasonable accuracy
l)y the attitude ccmtrol  system (ACS).  That accuracy for
IA$ 1 is rrhout  a J,jilliredian,  or about 100 pixels, This
cor, trol acculacy  is a factor  of a thousand worse than the
OPNAV systc  ~Ii can r ecc,nstruct  the pointing if stars are
presfx,  t. Fortunatc]y,  the ACS with its precision star
scanller/trackel  has k~LOW[dge of bus pointing good to
atwut  100 micro raciirins,  or 10 pixels, At one day from
en( o~lnter (essullli~[~  a 10kIIL/sec  closing velocity) this
il[l])lies a ciata  s.ccuracy  of 100km, vs. lkm for a pointing
analysis usirlg  inmges with stars. However at 30 minutes
frc)m  closest approech,  pointing provided by the star
tl ackcr would procluce  a 2km measurement. Though
artlitved  tc,o late tc, cc)ntrol  the spacecraft trajectory, this
measurement acc Llt acy is sufhcient to control spacecraft
polnl i ng, E!clth types of er]counter measurements are
trlfetrd  irito  the stfitc  estimrition  filter in exactly the same

~ IkkdQLY.~QIilvl
I“hrc,ughout  tht r,,issior,  it is necessary to perform some
rocastlre of contrc,l tcl the spacecraft position. For a
CWWCI  Itiond “cher[ii(:al”  [usually hydrasine) powered mission
this is accomplished by periodically performing very short
rneneuvers  (on the c,rder of a few minutes) with relatively
hi@ thrust cn~,ilics  (cm t},e order of 1 Newton for DS-1).
These corj ectior,s  represrwt small perturbations to an
otlierwise  ballistic trajectory, the great majority of the
crier g}’ of the inte[ plalletwy  orbit having been imparted by
8 lal~e burl”!  of e chel,~ical engine, which is discarded.
‘I”hesc injection  bLll I,S are ty~>ically  severs] km/see in size.
‘Me ndvtmta~e  of “low t},r-List” missions is that they may be
la~lr,ched into interplanetary orbit with very low earth-
r clative  cnrrp,y on a wnall launch vehicle, and slowly accrue
that energy  hy cc,liti!,ual  thrusting. This is made possible
t,y tl,e extrel[lely  }li~li e. fticim,cy  of the ion dlive engines.



For the NSTAR Solar Electric Propulsion systell I bcir)~  fh IVVJ  I
on DS-1, the thrust of the engines is approxinlntc]y  4( I I( II])
Newtons, but because of the engine eff~cie]it.y,  tht
spacecraft carries the delta-v capability of about 3 kfl~/sr<
with only about 40 kilograms of propellant (xenorl).  A irt~
different type of mission design is necessrrly  for e 10V

thrust rnission7, and a very different form c,f “cmlt)c,l’ i,.
called for as well. Since the main ion engines are t}Ir~Is’IrIF.
for long periods of time, this provides a means of cm, tr ~ F,E
errors iri the trajectory. The control atgorithll)  to t.,t.  u sc ,.1
for DS-1 takes advantage of this “continuous c ont t ,,1’ ‘] h!
thrust arc is broken up into periods of constfil~t  tl, ~ ,]s I
magnitude and direction interspersed wit}l I~CI iocls c,[
coasting. The thrust direction, magnitude end t ),(
parameters are established well before lauo(  t,, (i!ld
constitute the mission design. The navigatcrr  will hIIvt a I I
opportunity to update these parameters on a regular t,s V<
At the time of each update, the navigator w~il  I prrl(,  [ I o N I L
orbit estimate, and compute the changes J)(ct  Ssa!j t, I
correct any orbit dispersions by making small [ on tC [ic, rl. t, )
the direction and time of each thrust periocl.

The method used to compute these paran,cte~s  is i ii,,
similar to that used to compute the chemicti]  r) iar,t L1 Vr I
parameters. Schematically the process is as follow:. t II(
current estimated spacecraft state propagated to th~ ta] [i~,
and diffcrenced  with the desired aim point is the t~{r~.cd  I I)F:
error. At the specific time of a maneuver or it, r(]st  or, , /-
matrix of perturbation partials,  (targeting charlgc$  a {. :
function of maneuver parameters) can be ccrl,,],utt  <i, ‘{ I)C
inverse c)f this matrix times the targeting errc,ls  rcl ,t CM I it..
a linear estimate of maneuver parameters. C)flc ],, WI, CII
the maneuvers are relatively small, and t}~e cJIL[,~~I,! c-t
involves little or no gravitational interaction, t ,cth the c. w
with DS. 1, such a linear estimate is adequate

THE IMAGING SYSTEMS AND IMAGE ANAI.YSIS
QmlrZ.&~
Critical to any OPNAV system are the specific~tir.,],  s (,f 1 l)r
camera to be used for the data tdcing. The lcqtlir<  I,LC ~lts
for navigation imaging are not necessarily stl ei~.tlt.  f(,) w.:  l(i
to state. There is a reasonably complex irltcl  ,IIRy t ,ctw,,i CI,
spacecraft and camera requirements. Tat,le  7 ~ivc. o
summary of OPNAV requirements on an inlcgi]l~.  s~st,rli
for an interplanetruy  optical-only navigation syste)  II OJN 0[
the most obvious trades is aperture size (effect  i~,cly  tt ,e 11[,1 II
gathering area) vs. spacecraft bus stability. 11’01 a rltll[~ t ,C ~
reasons (not having to do with navigation) the s~mc e( I ~ift  v:ill
suffer relatively large ambient motions, up to 10(I ]TIi t J [
radians/see. For the currently considered c anjt t ~i, t~,tit
represents 10 pixekr/sec smear rate.

Another trade-space is the field of view. ‘1’h{,Ll~.1, ~.tl(
narrower the field, the gl eater the potential awllr~{(-.f  [,f I h<
OPNAV data, a narrower field also increases the cfic { I* C, I
smear, and makes planning and acquisition c,f stti~s rl) II (
difficult. The issue of sensitivity is afso tightly cxn rtlfit  m’ t(I
ambient motions, and to aperture. The ability of tll( CI t ,s<
imaging mode to take lorlg  exposures makes t t Ie rlovigt:i 1,)1  I

system somewhat less dependent on absolute S,VS1 { It,
sensitivity. However some high-accuracy enco L]r)tt  ] I[!o. ICS
of operation are dependent on short unsmeared  exp:~su] {,9,
and thus the system sensitivity has some inflt]tll(  c o],
overalt navigation capability, The issues of sensit  ivil), [ ! ~ci

dy)lan,ic rtrnge  arc 81s0 coupled. AN other factors equal,
arid assuroirtg  a low-noise system, a dim star may be
detec  ted at a lCM, CI sigl)ril kwel  in a high dynamic range
s.~ste  n) thf)n with ]nwer dynamic range system. This is
il[l})ol hnt,  becr+us~  cr lorlger exposure could overexpose the
t[irget object with s resultant reduction in centerfinding
frc(.ulacy cl r clestI uction of the frame due to
cerncrti/ele  ctlor~ic  eflects.

[72’!ZjE)Z!MYJ!s911;r~net1~forImgkg  h~
- . - . .”-...-.. . . .— -------

. .. —.  --—.

1) IO cnl A~eriure

- - - - - - - A

-.. — --------- . . . . . . . . ..-—. ------
2J 12 bit DJ.jtim( ion. .. —-. —-. ._- . . ..-. .. —______
3) 1’I o~rat nr[!riblv  Gain States-..—.  .-, .-, ---- . . . . . .. —------
4) ().6 to 2.0 l)~tec  Fieki of View——. —------ . .. —...--..
5) 0,1 Pixel  Ce)lterfilidir~m~,ability  --- Focused Ima e
6) 8C100Cl Mir!itllurll  Full Well, with 50 e- Noise-.. —-. —.. -, —. —-— .-. ..-—.  -—
7)1nla&e 9th Ma~llit(lde  Star in Best S/C Control Mode-..—- . . . . . . . . . . . ..- —--—

IJUIW  Ekctxiiu
As n,entionecl  e~.rllel,  for the cruise portion of the mission,
the ~,rinci~~al  n,ealls of inmge processing will be the SFM
technique developed fc~r  the C;ali[eo  asteroid encounters.
This I,,ethocl  overcw,~es tt,e sn,eanng  the unresolved (star-
lik< ) irllages  of stri!s rrrlci clistrrnt  asteroids. The pattern of
stIlefiTing is ncrl },re dictable and therefore unmodelable.
‘f’ht ~,rcrcess  pel (OJ rl,s a multiple cross correlation between
all of the nrrvigatic,l,  ol,jects  ir) order to obtain their position.
Th[ kry concept of t}~e SFM technique is that atl object
i{llag( s sufier tile san]e distortion due to camera motion,
F.vc n though tt,< c,bjec t in,e.ges  (both stars and asteroid(s))
ap~,ef!r  in differ  et[t po; tions of the frame, the pattern
exhit,  iled is nearly  iclerltica-t, Each object may be used as a
pat ter I I for locat ir,g each other object. Given a normalized
patte]ll,  cflllc(l rr ‘flltcr”, t}lat is composed of image
eletnc  Ilts iti a rnet]ix m x n in size denoted as F, and a
sat)lplc  area S Af I N irl size of which subset regions of m x
n ciirrlensic}ns  ale extracted, then a function c ~ can be
nla~i]llizecl:

“~hc r,,axi[nurl,  of ~ii rep]cserlts the pcmition of best match
betw( rn F ancl tl, ~ sari, ple rcg,ion The details of these

1~’c,r encounte]  O})C rations, the nature of the image
processing becomes quite clifierent.  Because the target
objcc  t everlt uall.y b~-cc,rlies  rcsched, extendecl  exposures will
beco]r,  e i[, (pra[ti(al  because it would be essentially
ir,,]~ossible  to f,r,cf  tt,c c<r~ter of the irnagc  of an extended
object which resllll  cd f! c,rn exlensive smearing. These short
exposure, e,~tcn(le(l  ir!!age “science-like” OPNAV frames will
he al,rrlyz.tx; cithel  using ccrjtroiding algorithms, or using
rrlc~fleling  and lil,}h fltling.  Tl!ese techniques are discussed

THE AUTONC}MOUS  OPNAV  SYSTEM DESIGN:
lia~imt.km  .SYskJLI.Axdi.t@urC
FIR 2 shcww the OVCI all structure of the DS- 1 flight system
soflwf,l  e. All of t},e clen,ents  of the flight software exist as
scpaletely ]nllr)ch eblc  p rocesses . The processes
c(, rrln,  unica!e  t}lroLlp,l~  al, asynchronous message handling
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system, As shown in the diagram, the NAV systct,,  1s
comprised of 3 elements: 1) a navigation I’re.pIocc  SSOI, ,~) r+
navigation Ephemeris server, and 3) the niail] tfsvi~~:  (o

nNavigator

IEEl
Ed
Navigation
Systcm

.

Fig 2: Autonomous Flight Software Architect urc

The Pre-processor’s  principal task is to ide],t, fj , vi,:
computed predictions, the navigation object ~ il i o I )( ,,1,,
taken frame. Since the predictions of positior, call 0111> b:
as good as the pointing control (about 500n]icro r H(1 it i IS I

the preprocessor must search for the objects of i!,te[, st
This searching is performed in a method derivrcl  f,f,)r,  !l~c
Gatileo onboard OPNAV data editor. A pattern c,f (,t]j~t  1
positions is provided (the position predicts) a?,d  t},c I,, (,I, IS I

difference-vectors of position represent a tern~,late  ]W t t{ , I)
The frame is scanned for regions of bli~l)tj,c  ss
candidates -- which might be images or nc~isc.  ‘1’h< sc of
candidate positions is mutually difference, rcpIcsc LJ! IrIj,
sets of candidate patterns. These are scercliccl [ ,d
compared with the template. The candidate I JOt  tej I t v,,tj  ~ c }]
compares most favorably with the template is c I,(,s(r, as
the anchor for a prelimil)ary  determination of ~msiti(,r,s  1,
local centroiding  process improves this dctcr)rli,lati t,
Finally, the local regions around the registered pc,sit  iol)s :: N
extracted and stored, allowing the spacecraft II Irws  SI I jr,,  I:(
manager to release the ol-iginal frame. The initi[il  C( II I rJ
finding increases the efficiency of the subscqtletlt (t O:S
correlation process.

The ephemeris selver  is a n~eans for the OPNAV syst< t] t{,
provide the rest of the spacecraft, principally t}lc A( :h
(Attitude Control System) with ephemeris info], ~wii,:,,,,  AS
part of the Nav system data base are ephenlel  id ies of cl of
the majcjr  solar system bodies, the target astc  rc, i(i SIICI
comet, and perhaps as many as 250 additiol!al  “t]< cwrl’
asteroids to be used as navigation talsets {Ir,ly
Additionally, Nav carries a star catalog for pcu [ iorjs  of t h<
sky inclusive down to 13th magnitude, All ephelf)c ri(lirs  [ 1 t
determined on the ground. The planetary e~,helllcfidi~s,
though very high accuracy, are not per sc used 1:,1
navigation, but to target specific events, e.g.  l,oi))t  i~l[: I I IC
high gain antenna to Earth. For D.S-l, planets  WJII mIt  1)<
used as targets, their distance and size Inrrkr  t})cli, I( +S

I,enc ficia]  than close snmll  asteroids. However, the asteroid
epht IIleridies  ale l)ot nearly as accurate, with positional
cr] 0]s ra~)~illg  frortl  * few tens of kilometers for the largest
astelt,ids to seve TH] hundred for the smallest. Varying
ac.:uracy  of the lw~corl  asteroids can be dealt with in a
IIunlher  of wfIyr.. A short earth-based observations
c arrl~,rrigr~  to irILI,r(,vf-  the asteroid ephemerides before
laltr]ch is the preferred means. Alternatively, many
differtnt  berrcorls  c atl be used in an effort to dilute or
avcrt{ge  o~lt the lnt gc errors of specific beacons. Another
c,ption  woLdd allow for the estimation onboard of the beacon
as{ctoid  ephemeris, hc,wever this is not the preferred
rl~f  thc,d as it signifi[xiritly  cc,r[~plicates  the structure of the
rlevip,$tor,

mm&Y..ktQl
We IIlain comput~tional elenient  of the onboard system is
th{ “Navigatc,r.” II is the program  responsible for planning
th{ ~licture  schrdule, high precision image analysis, orbit
dcter,l,inetion anti trajectory control; and it performs these
func( ions via inte J actiol)s with the onboard autonomous

sP~~c~’Craft  Plarlnel  611d executive, known as the “Remote
Ag, r,t.  ” Fif:.  3 shows a wry simplified functional diagram
of i h{ Navigator, ‘1’hc st, ucture of the Navigator is basically
au evf nt loop, ‘f hc Navigator is afways running, but waiting
f(,r n,essag~:s  froll] tile Planner or Executive. The planning
cycle and the nlajor  c,pcrationrr  of the Navigator and the
stilnl!lurr  for thei) irlvocation  will be discussed below in
detail,

Flg
[:1-1

. . . . . . .. —---- ----
1If I’l;ll,ning  Request: IDcrform

~ ‘“ }’ictu,-c  and Conlrol P l a n n i n g
G. . . . . . .. —- -. -—....
:!

{

.— . . . .. —---

1

If Nay,  “W’akc-Up”,  or “Nav-
~1 - }’Ic]>”,  l>elfcrrll]  01) and etc.
n:,.,

; 4
{I!Z!EE!2=RZI

?>

{

.—.. .. —------ . . .
If “ }I]dwllmris  Request”,

a
SLII>r,ly  Ef)henieris  lnforrnation

3: The Main Nl+vigstit,n  Event Loop

1. l“hc Phl]llling  Cycle
For IJ,S- J, onboaj d operatic,rls  will be divided up into
],la)lr,iIig  cycles, I’lic lerlglh of these cycles will  vary during
dificr( IIt phases of tt(c njissic}rl,  but will probably be about
n week long dLlriIlg  c ruis<-, anti be fronl an hour to perhaps
El ffw’  minutes lc}r!g  ci~]rir~g  the encounter. Fig 4 shows
S( }Jel,latically a ],lallt)irlg cycle emphasizing navigation
c VCJ ]ts, wit}] a key givcr[  in Table 3. The Executive executes
plans gencrtrtcd  by the Planner. When the executive nears
tt,c e~,rl of a plar,,  It invokes the Planner to design the next
pln]l.  The PlarLT1el asks all pertinent onboard elements
v:hst their plar)n)r]g  requests are, and e.pplies certain
c{,nst,aints arid re{luircr[!ents  on their plans In the case of
r,avig.tition,  the plati IIeI asks the navigator to plan its
pictu{ es wittiin  s SWILICIKC  of c)bservation  windows. These
windc,ws at c choserl to avoicl communication events and
c>ttlt.r  activities. ‘1’}, c navigator responds with a list of
talp.ets  for each wit, dc,w, and also with a series of
s~,ccific,atlcllm  0]) tl, c SEP cr,gines if planning is for a
t}~l Listing ])criod,  Ad{iit ionrrlly,  the navigator may request a
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specitic  maneuver, either with the chemical O: S11.}’  SJ,SI  ~ II
if planning is for an approach phase.
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Fig 4: Diagrammatic Representation of a P18 ur)it,~ [:! 1. I(
(See Table 3 for Legend)

Table 3: Planning Cycle Event Key—.-.. . . . -
A) Planner requests NA,V Plan for Horizon i . . . . . ..”
B) End of execution of }Iorirxm i-1— —  .  .  .  ,, - - - -
C) NAV provides picture and maneuver requt St. . . . . .
D) Start of horimn execution— .  — . . . .  .  .  .
E) OPNAV observation window, several franles. . . . .
F) Request for ephemeris data, NAV replies . . . .
G) Opportunity for the Navigator computatiorl.— . ..-
H) Maneuver ~ ‘CM) or SEX’ thrust status cha]  l&e. . . . . .
1) Plan Request and NAV response for i + 1.- . . . ..-~n—---::::.J End of Plannin Horizon i
K Start of executmn  of horizon i + 1

. .

.
.,

. . .
.,

,.

. .

2. Picture Planning
Upon receipt of a request for planning, the Pitt u I t 1’12), i c i~~:
module produces a set of picture requests to }w sutu ) lit \ C{
to the planner. There are several levels of autc,l~ol,,~  tl, a!
the Picture Planner may use. At a minimum lr~,~  1, FI lis I (I”
beacon asteroids as a function of time may t,c PI (,i,idc{~ tI I

the Navigator at launch. These beacons rLI e CIIOSC I I(,
maximize the information content in the franjrs S{ V( 1[1 I
factors influence the infcwmation content: Proxit] ,ity t{, ! I)f
spacecraft (the nearer, the more in format  io~l]; t,] i~}lt rit s.
(the brighter the image the more accurate the FIS[ I (,I ,}CI,  y),
brightness in turn is also influenced by the si?e OJId [II!) (III
of the asteroid, and also by the phase angle  (SU n a<t (] ( I id
spacecraft angle); sufficient quantity and q~li+lity,  [if St t, 1,
in the frame; and accuracy of the beacon epl!cll,c I is
Higher levels of autonomy can be invoked 1,,s }IrIvit]f,  t hf
onboard picture plannerfind  optimal sets c,f I,( at o] 1
asteroids using the aforementioned criterie rat)lcl tlIrII,
doing this on the ground prior to launch. Giw t, a wlwi (,],
by these criteria try whatever means, the plal, oir,p. ~lr,,< ?s.
will have clustered the best beacons togcthc: ill S( V( tti I
“lines-of-sight” which provide the greatest wlll},i!,({  !
determination of a local instantaneous state. A rlllllijr,l]ll  I

of two such lines-of-sight are necessary tc) ot~taill  SIIC I, I
state. ~pically in each OPNAV opportunity IOU I iii, cs cd
sight will be obtained with several images tekrl, [,( e: t,
Additionally, the navigator will tell the plannr,  tht SIXLI c, I
time over which each particular line-of-sight is UWI,l  C ‘J I ]i~
is principally a function of the spacecraft-  beaco] I. asl CI ,,i(l
velocity vector. For typical crusm OPNAV ],icltl t ts 1 lli~
period of time will be several hours. As discussf{l  eNIIIC I
the cruise images will be long exposures, taki! tg advttt it ~ p.,
of the spacecraft ambiel]t motions. As such, ustwlly t h PI <
will be several stars, albeit smeared, in the fra!llt. t’lp, !, i.
an experimental ground simulation of such a)] i!rm~(  t~’~  r] i
from JP1:s Table Mountain Observatory.

For er,counter  opertitions, planning is somewhat more
difflclllt. As discL!ssed  above, for images containing an
cxtcrlded  irnag.c  of the target and a star, the exposure time
is l,a},le  tc, bc short,  illlplyirig at most one or two stars will
be visible. Also t,eil)g near the target implies that the
I-I Ifitivc  nlotic,n  of tar~ct arid spacecraft will be large. The
net effect of thcs(  cc,llsiderations  is that the number of
oppo] tunities  will t,e small and that they will have very
ahc,rl  windc,ws  of oj,pc,rtunity, possibly only a few minutes
o] t w ri seconds. Als(l the prinlary  emphasis for the Picture
Phinr,  cr during et,cr,unter will be to locate any star of
suffrc  ient  brightllrss  in e frame with the target body, in
stark contrast to the cruise planning where the number of
stars in each framr  could be maxirnized.in either
enco~lnter  or cruise  nlode,  the navigator replies to a
planr,ing request V.,it}] rdatcnient  containing a series of
wiridows in whict] particular lines-of-sight (containing
navigation targets)  ere visble. Additionally, the navigator
scr, ds the requested parau, eters associated with the
pic?,u I cs tc, be shLlt  icr eci in these windows, such as exposure
titac, ~,ain,  atld fritcr.

3. Mar,euwr Plrmning
As discussed briefly above, there are two different
cor, d!tions ulid(  r which the r[]aneuver planner needs to
op( rate. I)uring  cor, tir, uoue. SEP thrusting periods the
Maneuver Plet]t,er n,ust  make periodic use of the currently
best.  cstirt,attd  orl,it  to update the thrusting profile. On
rrpr,roach  to the target, ciiscrete  Trajectory Correction
Mantuvers  (’[”CM’S) n,ust be performed to correct the
rirlw[+l pc,irjt  arid ti!lle  towerd  the desired aim point. The
t.)lrusting  is pcrfor]l~(d  in cycles. Cycles will ranges from as
long as 14 clays to pel kL8pS a half day. The cycle is
ch~ri, cteriyed t,y R fixed start time, and a narrowly
varial,le  stc~p titi, e. interspersed through the cycle are gaps
of $+k. P thrust irlg,  1 hcsc are induced by the need to take
OPNAVs,  con,municate  with t}]e ground, or by other events
recluiring a bus poi[ltillg  away from the SEP orientation, or
ot.hel  wise turIliT1p.  ,S1:}’  ofi.

Ilec al]se of t},c aul Lrrmlncms  nature of the flight operations,
thest “rlorl-SF.  P’ cvertts can only be qualitatively
chsrfi(terizeci, 1 hc r,~ission  thrust profile is designed
assull}ing  c,nly ger,cral knowledge about the specificity of
such events, ar)d thai as a result only a limited amount of
ti rile IS EdkK’ateCi Cwel the thr LISting arc fOr aCtUd OperatiOn
of Lhc SEW t}tr-ust( Is. }<”or 1) S-1 it is currently assumed
that 8(W. of the til,,c  duling  a thrust arc is available. This
2(W “llorl-SEP’  al Ioc at ion includes 6 to 10% reserved in a
blc,ck  at the end of the thrusting arc. This is reserved
pal tly as “rl]rirgin”  ill the sense that anomalous non-SEP
events may occur. At least one-fourth of this dedicated
rlc,tr  S};P bk, ck is rc servc(i fc,r Navigation control.

A S  I,, entioncd  trrrlicr, cortiputation  of the control
patatl,eters  hap],c[,s well before the actual control begins.
ltt thf  case of ctuise SEI’ col,trol, the time the control will
beg,ir,  (i.e. t}]e ]I,oII,cnt at w},ich a change in status of the
SE}’ cl Igir,es  will take) place is known to an accuracy of a
fcw r,,  inutcs. }iowewr, sir,ce  the engine thrust is low and
t)]e ccmtrcrl  is i)) cficct a change in the thrust direction
arlcl/c,] CILII  at ior) of (IIIly a. few, percent, and that control is
taking  place in cl uise (as oppcmed to encounter) the precise



starting time is unimportant. The maneuver psl a!)tctf  IS
are given by

where Ara and Adec are changes in the thrl!st ciirt.: tI ~11
and At is the change in duration, bb~ r ,c$b* t and df~~{$,h I
are the errors at the desired target time. X is t}ic I,srl  I ~1’
matrix of changes in state at the encount( ~ tinlc a, ::
function of the 3 control variables. In geneml,  X JTli,st  h<
numerically computed by integration of ttlr s~,s[ {c E: f’
position from the reference state to encountrl L1sitl~,  th,
nominally designed thrust profile forecast int(, tile f 11 t ~, rt
Force models gerlnane  to DS-1 have been aclcird,  i,,{ II]ci rl~,
Solar Pressure, n-body solar-system perturbe  tio))s,  [III ~,
model for the thrust of the ion engines. Th]s pr{w{s:  is
generally iterated several times, ritarting  with “O’ ir, i’ i[,l
values for the maneuver parameters and updalin~ t}le r,! ii
iteration with the results of the last.

For DS-1 it is probably the case that this linet:!  }W.I H!TN ‘ eI
estimation with iterations will be adequate. Fol (Itllcl
missions that may involve planetary rendezvous o! o! it o]
more gravitationally sigt)ificant encounters, illitiol sc al ,.},
procedures will need to be invoked to treat scve I c II{, r(-
linearities of the encounter conditions. cC)~ll~!Lltin& bctltl
initial conditions than “O” is one approach to ir,l~muvil~~,  ~l~t
stability of the iterations. An initial guess using a 1 At) lt.,t  ri
targeting algorithm has been implemented fox ~~{,~,  S1:}’
portions of the trajectory, such as the appl <J({(I,  to
encounter.

The process described here is virtually tllc so!,,{ f,]
discrete TCM’S as for the SEP thrust [ or, c<tio), s.
Additionally, discrete TCM’S may be accornpl~shed  r-,sillg
SEP as well, again using the same cc~r,,  I,utstiolsl
approach. The difficulty is that the spacecraft ht)s, 6 cl
therefore the SEP engine crmnot be pointed to El] )< ki(,~  ,s c,f
the sky because various instruments and devi( es wit tt s , J I
and/or illumination constraints preclude this. lICNWVC r, tllc
direction angles of a burn required to relnc,vc  tl i,~t{  tt,ly
errors that are statistically induced may point it 1 any I egi In
of the sky. This is not an uncommon sit~~atioll  w’jl h
spacecraft, although DS- 1 may be more rest rictcd I It t)
most in this regard. The common treatme]it  of s~][tl  ;I
problem, which applies to both types of thrust IIIF, (t t,ou}:}l
not to the same degree), is to “vectorize”  iti( ‘1’C:M.
Vectorization  is the simple decomposition of H fc,l },idd, rl
thrust angle and magnitude into two allowed oIIrs. LIJIICSS  [I
very large  portion of a col~tiguous  hemisphere [If thr  sky )s
forbidden, this worka quite well for chemical I’CMS t] sit II!
the analysis above and applying a simple ~eo~l~t t! {
decomposition, The actual decomposition of t}IC ‘I”(,:M  ]s
likely to be done, not by the Navigator, but t,y tl!c A{’ S
system. This is possible due to the high tllru$t  S)ICII L
duration of chemical maneuvers. Since the burlts  FCI<
short, on the order of a few minutes, they are clyI1al~li(  ally
effectively simultaneous, and so the two compormrlts,  ~i[ }1 1,
a small error, may be separated into two diqc~~rit II? I [~
This process will not wc,rk  for SEP control. The Ijul i)
periods are long, and might in fact, for at) a],p[  t)a( l)
correction, occupy a significant portion of the r enmi t) i t ,~,

tinie to encour, ter. ‘l’he dynamics of the problem of
ve( torization becol[lc difficult and nonlinear, and make
c)the)  wise silliple  ~ntcrrrrtions  with the ACS, Executive and
}’lart),er/S(h(:d~lle~  much more complicated. As a result,
tht  Nhvigatol  will cl,oose to perform SEP powered TCM’S
where possible, and v,ill  requite the use of chemical TCM’S
whet! vector kwctio!l  is llecessary.

After all colnpute.tioiis  al c conlplete,  the Maneuver Planner
~,ill  issut a ccln~tliarld  to the planner, containing the
cl irect ion, cxccutic,ll  time and duration of the requested
chf n,ical  TCM. Or, a commrrnd will be issued, making a
requ~ st tc, change  tt)e SEP st~tus (e.g. a change of thrust
direction), or to perfc,rn,  a discrete SEP TCM. For both
tyIJes c,f Sh;t>  cc~Iltr  o], t}lr cltlration  parameter is handled in
a ve~~, difikrent  rne r)rlrl  theu  for chemical TCM’S. Rather
t}mrr ttte ACS eutc,rriatically  tinling the opening and shutting
of valves, the autc, nomous  Executive, based on the
Na!,igtitor-su]  ~pliecl ~,ararneters,  will have tc) command the
i~litirrlizatic,  n of t}lc SF, F’ thrusting, and then begin
n,o~litcrr-ing  the frccur[tLJkrtcd thrust time. Fc,r  a small TCM,
tl, is is straigl~tfc,r-v.,fi  rcl, tlut for a cruise control event, the
titr~lsting rr~ay tx ir]tcrspersed  with non-thrusting periods,
]ncrkit,g  the tlackir[g  of the accumulated time a required
m tivity of a high lev< ! function like the Executive. This fact,
that t)le clock -til,,  c ler,gth  of a maneuver cannot be
~,]e(li(ted, is the p]il,le reason  for the gaps of time at the
e]]d  of each thrusti IIg cycle. As the executive places more
c,] f,twcr  r,c~]  L-SE:F’ (VC nts i],to the arc, the clock-duration of
tl]c b~~ln will extmtd  i]lto or retreat from the nominal end-
c,f t}]rust bcm]dary.

4, Oil, it Ilfteilninntiorl
c)i,c  v< ry ilnF,ol trr!~t as},ect of the orbit determination
p?o( ess as it ]]ee.ds  t,e performed autonomously for DS-1 is
a ra nliflcatim  of the ]Jatur< of the optical data compared
to h.ar lh-trased raclic,  rrielric  data. Doppler data makes a
dit-eet  ]neasul e[ncnt  c,f line-of- sight velocity; ranging data
n~l>kes  a direct rr, e:lsurmnent  of line-of-sight distance.
Altholl~h  t}lese tv,w  n,easurements  are very precise in
gencrt!l,  the c,tt,cr four dimensions of the state must be
ot>t~il]ed  by irlfereylcc  fl oxn second order signatures on the
sip,!lal  [sLIch es  CIUC to erirth  diurnal and orbital motion),
aIIcl,/c,  r intep,rfite(i  ovet tithe frcml  a previously determined
atfit,. ]’)  AS SIICtI,  Iadio data is very ae~mitive to any source
whi( h might  efkct  the signal.  Necessarily, very precise
rr,c,dels  of all pc, ssil~lc  dynan)ic  perturbations to the
apace{ raft a.nci ew(}l JIIUS1  be maintained, these include
ve]y #ecu Irrtc  rt, o,5els of the performance of the SEP
e])gincs (somettlitlg  whi(h  might be very difficult to obtain),
and c ur~e]]tly  ~Ipcfztccl  rnoclels  of the earth’s polar
excursi(,ns,  tabkw c,f which need to be updated weekfy at a
minin,um.  Additio]]ally,  currer,t estimates of atmospheric
sigl)al clelay calibratic~tls ofte]l need to be maintained.
These fr=tctors col,,t,ir,  t d wcmld imply that an autonomous
redi[,  rlevigcrt  iot] systcl[l  would t)e difficult to build, besides
thr (,b\,ious  clirmclvn?,tage  c,f requiring a (probably) coherent
gi ou nci track.

Optical datt,  h~s ],OIJC of the problems listed above.
lmap.es of clis.tar,t  ostcuoids  or of the target give a direct
n]casurcnler)t  of tw~,  componm)ts of the position. With a
turl)  of a few.,  tens of dcgt-ces  and the image of a second
tergc t, the thifd cotl,pcrncl,t  is obtained. Velocity is not



“t

obtained directIy, but neither must it be ir(ferrcd  ftt,fj[
second-order effects; sin~ple differencing of stotes i!i ti] I I<
gives an explicit velocity measurement. The calihj at 1,~) is of
the optical system are much simpler, and mosi lik~ ly )It ( d
be done only once with a few images of stet f]rl{~s,
Although the potentiat  power of radio data is hi]~e (es KC, d
as 0.1 micro radian earth-relative, giving 15P III kt 1 P,lI
from Earth) it is this very power, requiring the t xi, ( {II< Iy
accurate modeling alluded to above, which hit I<ic I w it’s ~, ,~r
in onboar d autonomy. In interplanetary cruim,  t hc ( )}”’N~,\r
system may be capable of state determinations of Iil ! IV
better than 100km; but this is more thcrr~  adc CIoa [t.
Furthermore, this much looser determil~aticul  of st[ tc
allows a much relaxed modeling standard; no s SP<N of t })(
orbit determination is dependent upon model il, g ally
component of the spacecraft motion to a few n(etel ~ o) a
fraction of a nlnl/sec as is the case wit}, l~(dic,  dti F.
Finally, the most important advantage of opt ica 1 df;tti  is
that it gives target relative information. tlrjl~<!+  t},  c
ephemeris of the target object is perfectly kllowl] (cf[t~ t ivf ly
true only for the inner planets) an C)PNAV systc FI) wil I l!; vc
to exist in order to provide final approach guirk+?w(.

‘F=Y?fE=”i
X(to)

Fig 6: Schematic of Data Arc Structure

The above discussion implies that the structure of fir, ot Ilit
determination filter for optical drrta  may usc st]tiirp,,  rs
other than what might bc c~ptimal  for filtering. r a dio dfi f H
A final  but additional difference is data freclu?llcy, ol,[i( t>’
data arcs are sparse, with a few tens of obse~vstit~,s  IICi
week; radio data arcs may acquire many t)otlse~l{ls  of
measurements per day. Fig 6 shows the suhcli  visiw  I of 1 III(
data arc into batches over which an estimate pars r,, ( 1 v]
set is cor~stant.  X(to) is the spacecraft state at tht stnt ~ 0(
the data arc, X(tl) at t}le start of the secon(!  trat(  L, t (I:

an is a vector of acceleration errors, represelktirjg  (I i (1]s ir ~
the modeled SEP thrust, or possibly erlc~~s i!, (I1}ICI
dynamic models such as solar pressurt }“(II t 1,>
observation made at tilnc  t within batch ofie,  tt, c f]l’cr
must integl ate the state X(t), and the state tlfilisitl]~,
rnatnx. The later has two components, for tht,  stat< its, If
dX(t)/~X(tO)  and for the dynamic force pa) *Trit  tf Is
~X[t)/~X(al  ,S) w}lere  S is a vector of otlm  f(,~c( I,,ocJ( 1s,
including solar pressure. For this observati(ll~  at tl{,l,  t,
and for subsequent observations a measure  nw]jt 1110 I I i. A
can be formed:

do,‘/dq

/

do,
A== Jq

6’0:
Jaq

; ,,,,,ere (30w = (30,,.,, . -A’
dq ‘“ax c-if

On is the observation vector for observatio~l n, an{i is & Yx I

vector, (pixel ar,d line). The formulation of aO/aX  is

docur,,ente(l  elsew}lere2~3.  q is a vector of estimable
per[ir,,  eters, and for  batch 1, q - [X(tO),  al, S]. A is
ccm)bit  led into a covajiance  matrix referenced to to, rto, via

a UIJ frrctorized  orthclgonfdisation  procedure 6 an example
of which is knowil as tile I[cmrseholder  transformation. To
process datfi  in t,atch  2, an eciditionaJ  parameter must be
added to the estimrit~ vector, namely a2 the acceleration
erJ ors for hatch 2. ‘1 h~]s for batch 2, q2 - [X(tO),al,a2,S]
arid t}le filter  V.rill intcg]ate  X from tl to t2, as well as
~X (t)/dX(tl)  ar,ci iJX(t)/2X[a~,S).  The state partials for a
til,,t  t in batch ? rekrtive  to Lhe solve-for epoch to and those
with zespec!  to aI are giwn  by:

ax(l) JX(2, )  Z(O-.. : ..-. .-——. .
%1 i%li dx(t,)

Arid In gerleIsl, for batch n, where qn -

[~(to),ul)a2.,,all,,.  .II1,$I:

JX(t)  . ~xkl) , ~,tdW’(!. ,, -------
:)x (10 ) tix(tn., ) ax(fo)

i)x(t) Ji’(t,,.  , ) ax(?). . . —-.. ..— —
Jflm ‘ ‘“” & ax(tn_, ) “

v;ht r( arn is al) arl)itrsuy  thrust error vector from an

cerlie[ batch.  whe~) al I c}f the ciata from ail of the batches is
[o]t,  btned i!lto A &IId J’t(,,  an estimate of the parameters

crIn bc made:

Ix,,, -

u : ]“,0 A’ WAy,

s

AYI>?N ~ 02XN – C2XN
wh( r{ Ay is the res]dual vector formed as the difference
t,etw( en the ot,scrvation vector O and the computed
predicted w,hre  C. W is the observation weighting matrix.
N is the total r]u!i,t,cr  of frrrmes  taken, and 2N is the
l~urot,w  of d.sta  (},ixcJ  and lirje for each). Iterations are
pe]fo]  Ined on this solution, repeating the solution one or
rl,o~e  times wit}, th~ improved integrated ephemeris and
fc,rc e rl,odcls fl o](, the prtvious solutior!. When the solution
is cc,llverged, t}ic elen,ents of a are not equally well
deter jllined;  a ] is the t,cst  cletermined,  as all of the data in
tlte data arc irlfluellcc  a nmasurement  of al, whereas an is

tt,c poorest, as only L}le last batch has an influence on its
sollltion. Whe], it bccc, rr,es necessary to update the epoch
of t h{ solutiot],  n r c~scrnrthle  cc,mpromise  must be made as
to th( accurecy c>f t}le a vector. A reasonable choice is to
up(lat< the epc)ch stute to a point half-way through the
curret]t  data art, cflectivcly requiring reprocessing of half
of the ds.t a, but with an inlproved integrated spacecraft
state L,ased on data beyond the new epoch-state. This is in



effect one finat iteration of the solution, as we]] as s sj~~gi?
pass smoothing. To get the covariance to sttirt  t}Ic J,< ![
solution cycle the covariance  at to must hr n,o]~~,~  c1
forward in time:

where rD(t0,tn/2) is the state transition matrix fl 01, I to to
the midpoint of the data arc. D is a de weighting  n)ot~ I>. to
allow for errors accrued due to unmodeled pertul bcit ,(,I IS

The process of analyzing the accumulated pictu Ic dfi I [i,
and performing an orbit solution (Orbit [)cter~][irlatin,fl!  IS
not strongly under the control of the Executive. f @st d (It,
timing parameters derived from ground brrs(d ar,ml~s(  s,
the Navigator will periodically decide to pc]~{~t,~~  t}rs
function. It is inefficient to perform this process  raft<  t cv~ ]~
acquisition of drrta, computationally expensive to wat{ u~ ,t i 1
the current state is needed for planning, and ],]~lsaft to 15CI
so in view of the fact that some failure or]boti rd JII i~.),t tIt
inducing errors in the data or elsewhere whic}l u,otilcf tl(
undetectable until after the data is processed or the st;t(
determined. However, the Executive does need to hclal ,((
competing uses of resources, in particu]tir, c CII,,I> )tt
resources. Since both the Sequencer/Plar, ~lcl st, d l.t,~
Navigator are heavily compute-intensive p] ocesws,  :1,(
executive will notify the Navigator of an impetld illg pltit !r,l tII
event. This may induce the Navigator to perf[,rl),  arI (II I >it
Determination process, if there is accumulated un])r,,[ ~s ..({1
data, as well as other associated functions.

5. Failure Detection
The issue of failure detection and avoidance ir, al, {,I,IJc, t{
autonomous system is very important, and appllrs t(, I h~
Navigator as well. The principal means that the ]ltivi~,~  I.OI
has to detect internal or external syster,, el 10IS is t>:,
evaluating the quality and quantity of date it rc( ciirs
There are several layers of checks c~r “gates” tllrougl] wI, ic),
the data passes before it finally may inftuc(we  aTI  o) bi;
solution, The first  gate is the Preprocessor. As disc l.~s$ e{ I
earlier, the Preprocessor will search in areas c)f tht f]*  II(

where objects are predicted to be, and obtcriri  itliti[~l I W,IKII
positions of them. If a sufficient number of objr~ ts ar< l,’ I
found, or their brightness is inadequate, the 111 (III (I: rv+ol
will flag a problem, or  even f lag the lJict(llc a !.
unprocessable. Such an occurrence cc, ulcl it!di( <+t(
problems with t}le camera, the attitude ccrnt!  u] syst e I I,, o I

erroneous or damaged navigation data, suc 1) FS t })(
beacon-asteroid ephemeridies. The second gate is t},[ $P’ht
Image Processor. If the initial determined pcjsitic,r~s  ttr t to{,
far from predictions, the SFM processor will f:iil, ir,d,, s’. i(ly,
misidentification, or anomalous orbital errors,  7’tIt ttii (i
gate is to use the plecision  locations froni  ttlf f.lfi’hf
processor to determine an instantaneous s(ote [1,1 o .IK},
triangulation with another line-of-sight obsc~  vet~(,], ‘1’1),?
instantaneous states when compared with th~ ( [It i c I lt t ,<, s!
estimated and propagated state provide ar~otljc  I c h! ck
Excessive differences indicate a bad “blumlcr’  ],c, in”. {I
other problems. Data passing the first  thl cc gat f s e rj! cr s
the filtering process. PI e and post-fit residuals PI (wiclt  Y( L
another means of removing bad data anti/c~[ i)ldl(  [ili],~
chronic system problems. In all cases disc~tsscd ),, 1, ,
individual bad data points are deleted, but a{ ( lll,!{llot <~r,s

of bad data will irld  icete lergcr problems which will likely be
rcferrccl to earth for cIia~rlosis. In at least one instance
hcwever there is action c~ther than “Ccdl  Home” (for help)
fol- ~he Navigritol  to recluest  of the Executive. This is the
case where  the Plcrrlner/  Sequencer  has simply not
scheduled enough of the requested OPNAV pictures to
ach,ei,c adecluetc per fc, rn,  rrnce; this would have happened
if eve)lts of nomin~l ~,ric}rity  have superseded navigation
frar,les If this OCCUIs, the Navigator will increase the
priority whit h it assigtls  to its picture requests in presenting
thun to the l’lar)ncl. If as a result suftlcient  images are
still not ohtei:led,  tl]c Navigator will continue to increase the
plcrl,l,  ed p]io]  ities to the maximum alIowed by system
dcs lgll paramr+els.  At this point, if still insuftlcient  images
ele being obteincd,  the Nevigator  will request a “Call
I1OIIIC’ !

PRHLIMINARY  N1MULATION RESULTS
A preilimir,rrr-y  version of the a~ltonomous navigation system
})[]s been bllilt ard tinted BS a prototype of the version to
tw flown c,r~  tl, e 1)S 1 njission. This operational version
cur ie rttIy ar+wmrs  a ballistic (Ilon SEP) mission; the version
to inc c,rpor~te  nrr\,i~atioII  of a SEP mission is still under
drwelopmcnt. Tt,e system has been tested on several
lt,ission  types ir)cluciing an early candidate DS-1 mission
W} IICII usecl n tm~listic  trajectory to fly by the asteroid
Melpolnene  Tl,c results of this simulation will be given
}~ere. The pur},cme  of the simulation is to incorporate
J c alistic ert or scm rc cs (t}c,th random and systematic) into
t},e “t, uth’ traje{tc,ry  to see how well the navigation system
perfollns.

‘1’h( scenario fc, r t}, e Melpomene  mission starta with a
IHunc  h OIJ Feb] uaty,  1998 into a direct interplanetary
transfer, with the flyby occurring approximately 11 months
lritf r. I)urirlg cruiw,  t),erc  are four TCMS which take place
at 13rJcou]1te]  (1!.) 293 days,  E - 203 days, E - 53 days,
ancl  K - 3 days. Al) the TCMS are statistical in nature,
t}let  is, they are ~lc,:,iilmlly  zero and are used only to
rcn]ove thr deviatic,I1s  of the true flight path from the
rlcj]nil]al. The largest c,f t},ese TCMS will TCM-1 which
cleans up launch irljection erl ors. TypicaJly,  this maneuver
u sm 40 . 60 n~/s  of delta-v. The second, third and fourth
I’CMS arc IIIUCh s(,,e.ller  (c,n t},e order of nl/s to cm/s) and
rerllcjve  the effects of rfirldorn rind systematic perturbations
w}licll aficc t ~he t, aje{ tory. The purpose of the navigation
syst~{~i is tc, deter~lline  the orbit based on the beacon
asteruld sightin~s arid ttle)l compute the required maneuver
delte -v at tile appr  o~,riatt  times to take the spacecraft
balk  to its t~rgf ted a.itn  point for the flyby. The aim point
is givcrr irl tc] IIIS of tkle II-plane  -- an imaginary plane
c erlte] eci c)n t}]e target  body and perpendicular to the
iuc o]lling tisyrl~]jtote  of the trajectory. The orthogonal
coc,rdinate  systen~  oxes of the f3-plane are B*R and D*T in
the ~,lrrlic  i t s e l f , nr,cl  time-of-flight (TOF)  which
~,c]pc’ridicular  to the }~laric at,d along the asymptote.

1 he r c suits of the Mcl}~olnenc  simulation are ahown in Table
4, which gives the 1- sigma statistics of the OD solution
nwpped  tc} t}le [:IIlanr  pric,r  to performing each of the
I’CMS. The accuracy  of the TCM in delivering the
sp~c ccraft to t}!c ta!gct clcpcnds on the accuracy of the OD
so~uiion al,d t}, c. cx<cutic,n  erlors  in the TCM. Execution
crj cns arc Ioug)Ily propox  Liond to the size of the maneuver



so in general, the better the OD, the more acc[tr~]tt  tl~(
delivery. T h e  final  cohrmn h the table  shows  tlt( S( IUI, I
error between the estinlated B-plane vafue al)c~ tl)c ‘tr tltl,’
value for a single realization of the simulation I’tlf el ! ()) $
are for the most part, within the l-sigma uncc]  I[:il !i( s
computed by the filter except for the solut ic, n for ‘1’(:h’:  -~1,
which had errors in the 2-3 sigma range  Altl,t,~lf  II ~
complete Monte-Carlo simulation was not pe I ror J ,Icd e l]
runs pm-formed so far have exhibited simi 10 r t., < }) ni c, t
The final delivery to the target at F, -3 days is [IJI ttw c, Lit  I
of tens of km, w}lich is comparable to what a KIOU rl(l .b~  I+C,  !

radio system can do. Beyond this stag< , cc t,t!tli(;i!l~!
techniques for extended bodies can be USCC1 to ft)ril)ri
refine the knowledge of the flyby point to sub.kilf,l,,,t~l
levelsa.

Tatrlc 4

Time to Eincountcr

E; -293 days

—---- . . .
IX-l Melpomcn eSimulati(m
~@OD “

~~ J

..-, -.. . . . ,,,
Actuwl erlws

uncertainties (BW 2 B*[: x ‘lot’)
(signla B* Rx El*T (km,  km,s)
x ‘EUP3
kn(, km, s . . . . . . . . .

24,562 X 639fi X 20.7’/(1 x 41 ~):$ >.

Another entirely different aspec t  o f  t}lt pr(,lcItJ  I.IC
Autonomous OPNAV System has been tested V~hr  1, I I )(
scope of the other onboard systems becan]e  kri[j v.!,,  l,L1t

well before any testable prototypes were avail rrblr, it v ,1s
decided that,  at a minimum, an inter in, tc st of i t)c
Navigator working with an autonomous Seq uerlmt v, ,+s
necessary. Such a systejn  was fortunately nea] ly avt]ilzt, :c,
components of which had been developed fcjr SC{]lJ( 1 ICI I,g

“  ‘Il. Ir, f[!t,and planning for Voyager, GaMeo and Ca.ssm{
development of the parallel simulation in laT}:t r~, c tist  T(
guided  the  sys tem des ign  of  the  Na.vigatc, ] ‘1 h ) s

autonomous Sequencer takes a very prag!)~rrtic t)~~},l,)s  ),
toward onboard autonomy. Rather than tr,y tc! S( )Iic  it
optirnurn  control and efficiency at all ]cve]s  of s],a,  t, r,,ft
activity, rrssumed  bourlds  of time and resoul  ( { 8, c
allocated to all activities, Then, in a process WI y si~i ,i l}, I I o

ground-based sequence planning, blocks of actil,il  ics c t~r,  ! IC
sc}ledulecl,  and resource conflicts readily rescdvccl.  1 )IC, UI..}I
sub-optinlum, such a planner is very fast, arid  rirj)rii~:l  1(!
to ground input and control. When comtrirlcd  wjt}, t t IS

planner, the Navigator was able to rnakc req~lrsts  ,,f
images, and have them planned, receive and ;uoccss tl(
results, and schedule maneuvers. In the rnef:tkw}lil(  tl,  (
Sequencer was able to schedule science franlcs  usi, ,~:  tl, t
latest navigation data, and in most cases ac}li,.~,e  a r,rf,l
optimum level of science-imaging return.
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